Recent experimental work has revealed that notched tensile specimens, subjected to dynamic loading, may fail by growing a neck outside of the notched region. This apparent lack of sensitivity to a classical stress concentration case was reported but not explained or modeled.
Introduction
The mechanical response of a structural element under external loads may be strongly influenced by the presence of geometrical discontinuities such as fillets, grooves, threads, or alike. The local geometrical perturbation (or discontinuity) amounts to a local increase in the stress field surrounding it. The role of stress concentrators on the deformation process is of prime importance in the field of mechanical design. Classical works, which are constantly used by structural engineers, can be found in [1] [2] [3] [4] , where the emphasis is mostly on elastic stress concentration problems. The importance of notched members under tension has led to a vast body of works focusing on evaluating the stress intensity factors around geometrical discontinuities [5] [6] [7] [8] , and specifically the differences between quasi-static and dynamic loading scenarios [9] [10] [11] .
An underlying assumption in all of the above-mentioned studies is that the fracture locus will be that of the geometrical imperfection, or any other given flaw. The same assumption is implicitly extended to dynamic loading situations, where inertia plays an important role.
Other material heterogeneities related to the manufacturing process are ignored in the vast majority of works, or are considered secondary with respect to the presence of the dominant flaw.
It was recently shown that under dynamic loading conditions, the location of neck in a smooth bar subjected to tensile loading, is a deterministic event resulting from the applied boundary conditions [12] . Furthermore, it was shown experimentally that the necking location, as dictated by the applied boundary conditions, may prevail even in the presence of a geometrical perturbation which was deliberately introduced as a notch. The results of Rittel et al. [13] imply that the presence (or pre-assumption) of a structural flaw, cannot be considered as the dominant factor in determining the locus of the dynamic structural failure. In other words, those results show that the presence of a geometrical imperfection will not necessarily dictate the dynamic failure locus, as commonly assumed in the literature.
Therefore, one standing issue is the identification of the physical factors controlling the dynamic failure locus in the presence of a geometrical imperfection. In consistence with our previous work [13] , the geometrical imperfection considered here is a notch, rather than the usual smooth variations of a characteristic dimension (e.g. diameter) found in the literature [14] and references within.
The present study, of a hybrid experimental-numerical character, examines several potent factors responsible for the selection of the dynamic failure locus, as follows.
First, the methods used for the above-mentioned investigation are detailed. The experimental setup used for the dynamic tests, as well as the tested materials and specimens' geometry are described, followed by a detailed description of the numerical model used to study the potential factors. The experimental results are then presented, from which a critical notch size is extracted. The critical notch size is defined as the notch depth for which the majority of the specimens fail statically, within the notch. Next, new results for dynamic tensile tests of notched 15-5 PH (annealed) and 4340 steel specimens are presented. Finally numerical simulations are used to examine the role of the material's rate dependence as well as the local hardening stemming from the manufacturing process on the competition between the potential failure sites. We then discuss and summarize the main findings of this work.
Experimental setup a. Materials and specimens
Two materials were tested: 15-5 PH steel (condition A) and 4340 H&T, supplied as 12.7 [mm] diameter bars, and tested in the as-received condition. Tensile cylindrical specimens with end threads were machined from the bars. The dimensions of the specimen are shown in Figure 1 .
A summary of the characteristic dimensions used for static and dynamic tests is presented in Table 1 . For the dynamic tensile experiments, two types of specimens were manufactured, namely long (36 [mm] gauge length), and short (12 [mm] gauge length) specimens, both having a diameter of 3 [mm] . In addition, the specimens were grooved circumferentially, using a machining thread tool knife, to a specific depth and geometry as listed in Table 2 .
Note that, while the dynamic specimens were notched at mid-gauge length, the static ones were notched at 1/3 of the length to avoid any possible confusion with potential symmetrical failure (necking). A total of 90 specimens were tested to ensure repeatability of the results. In addition we tested 40 specimens of 7075-T6 aluminum alloy. Those yielded the same qualitative results as those reported in the sequel, and therefore will not be presented here for the sake of brevity.
b. Static tensile testing
The static tensile tests were conducted on a servo-hydraulic testing machine MTS 810 under displacement control, with a prescribed crosshead velocity of 2.64 / min mm . A laser extensometer (LE-05, EIR) was used for the longitudinal strain measurements.
c. Dynamic tensile Hopkinson setup
The dynamic tension specimens were tested in a standard 12. In order to ensure wave separation, a momentum trap was brought initially in contact with the loaded flange of the incident bar, whose length was identical to that of the projectile bar, as shown in Figure 2 .
Figure 2. Schematic representation of the Kolsky tension apparatus.
A Cordin 530 high speed camera (HSC) and a Kirana high speed digital camera were synchronized with the incident bar signals to capture the evolution of the specimens' macroscopic deformation, including the onset and evolution of localization.
Finite elements analysis

Finite elements model
The dynamic tensile tests were modeled using the commercial finite element package Abaqus explicit [17] . 
Material model
The response of the elastic viscoplastic material is calculated within the framework of 2 J flow theory and the symmetric part of the total strain increment is assumed to be additively decomposed into an elastic and viscoplastic part. The plastic strain rate is given by 
with p dt and 0 0 / E , while is the flow stress. 0 is the yield stress, E is the Young's modulus and n is the strain hardening exponent. As in Zhou et al. (1994) [18] , the function R(x) is used to account for increased rate sensitivity at high strain rates ( Figure 4) and is given by:
Where 1 is given by
Where m is the strain rate hardening exponent, and 2 is given by
The rate formulation given in Eq. 3 insures a smooth transition between the viscoplastic responses at the two strain rate regimes.
Four specific set of values the parameters a and m were considered, and will be labeled subsequently as cases 1-4, As listed in Table 4 . Strain rate (sec -1 )
Experimental results
Static tensile experiments
To determine the notch size to be used for the dynamic experiments, a set of static tensile experiments were conducted on notched specimens with a notch relative depth, ranging from 1-10% of the cross section diameter. The aim of those preliminary static tests, was to identify a groove size which will be large enough to ensure that failure occurs within the notch, as reported in [13] . In As evident from Figures 5, a 10% notch has a substantial effect on the structural response to the static tensile loading in both tested materials. The total elongation up to fracture decreases due to the localization of deformation in the notch, leading to early failure at the same location. One should also note that for the notched specimens the flow stress seems to increase, which might be the result of notch strengthening [19, 20] . Note that, throughout this work, stresses are reported as engineering (nominal) to allow for comparison of the overall specimen responses, including the inhomogeneous deformation state. Therefore, the selected critical notch size was 10%.
Dynamic tensile experiments
A basic demand for dynamic experiments is that force equilibrium must prevail during the dynamic tensile process. It was already shown that long tensile specimens are capable of reaching such force equilibrium [21] , however the effect of the notch on the equilibrium was not previously examined before. Typical force equilibrium of a 10% notch sample is shown in While for quasi-static loading it was shown that specimens will always fail at the same location as the notch (for a 10% notch), a very different picture is revealed for specimens loaded dynamically as can be seen in Table 4 , where the failure location of 13 representative dynamically loaded notched specimens is presented. Note that the impacted side refers to the side which is first loaded by the stress wave. To better understand the relation between loading velocity and subsequent necking location the reader is referred to [12] . Nine typical frames captured during a dynamic experiment (specimen 9 in Table 5 ) are presented in Figure 7 . . Frame 1 corresponds to t=100[μsec] and frames 2-9 are spaced 5 μsec apart. Even though a 10% notch was introduced at the center of the specimen, a neck develops into fracture, which occurs at 145 [μsec] . Note that the notch gets barely deformed throughout the test.
From Figure 7 it is evident that most of the plastic deformation occurs outside of the notched region, at the same location where it was observed to occur for a smooth specimen subjected to the same boundary conditions [12] . The specimen tested here fractured at the same location, as indicated in Table 5 , despite being notched.
Typical engineering stress-strain curves obtained for a smooth specimen and a specimen having a 10% notch and a gauge length of 36 mm are compared in Figure 8 dynamically loaded 15-5 PH and 4340 steel specimens. The picture revealed by Figure 8 is remarkably different that presented in Figure 5 for the quasi-static case. Almost no difference is observed in the structural response of the two different specimens, supporting the visual findings in Figure 7 that the notch has a little, if any, effect if any on the deformation process. In other words, the notch which is traditionally regarded as the weakest link does not act as such, suggesting the weakest link theory which is often used to describe the quasi-static loading case, fails when dynamic loading conditions are applied, at least for the ductile failure case at hand.
Let us consider now dynamic tensile experiments performed with short notched specimens. In this case, unlike for the longer specimens, some of the specimens actually broke in the notch.
It is therefore interesting to consider overall specimen ductility in relation to the fracture locus, as shown in Figure 9 . This figure shows that the overall ductility to failure is markedly influenced by the fracture locus. Specifically, early failure in the notch dramatically reduces the overall elongation to failure, as expected. Figure 9 . Typical engineering stress-strain curve comparing three 4340 steel specimens with a gauge length of 12 mm .
Numerical Results
As mentioned before, the simulations presented below were performed with the following material parameters: As shown in Figure 4 , the parametric change of a and m controls the transition associated with the second strain rate regime [22] . The local strain-rate in the neck is approximately ten times higher than the nominal strain-rate of under the notch, as evident from [23] [24] [25] , where the effect of strain rate on necking instability was examined.
Representative results of the numerical simulations of smooth and 10% center-notched samples, stretched at a peak velocity of 17.5 m/s , are shown in Figure 10 . For a smooth specimen, the failure location is on the impacted side, in correspondence with [12] . For the notched specimen, one observes a strong competition between the neck on the impacted side and the imperfection in the middle of the gauge. This is the outcome of the joint influence of inertia and stress waves against local the stress concentration. This competition will be addressed in detail in the sequel.
Since damage and subsequent failure are not accounted for by the numerical model, the failure location is determined by the local radial displacement 1 U which serves as a geometrical indicator for the radial neck and notch growth. For this purpose, two points are selected, as shown in Figure 10 . The failure time is synchronized with respect to time at which the stress wave impinges upon the specimen.
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An example for the behavior of 1 U for three different striker V amplitudes ( One should emphasize that the case with a higher "meeting time" for specific velocity amplitude (Fig. 12a) is more stable in the sense that larger total elongation to fracture can be reached. In other words the competition between the two localization area lasts longer.
Comparing Figures 12 a and b shows that a lower transition strain rate between 1 and 2 stabilizes the structure, since for the early transition to 2 , the hardening becomes significant at the notch tip, therefore restraining its deformation. A stronger slope after the transition strain rate (cases 2 or 4), has the same effect. The ability of the structure to undergo neck retardation can be seen in the macroscopic stress-strain curves, as illustrated in Figure 13 for case 1. Figure 13 . Calculated engineering stress-strain curves for case 1.Note that an increase of impact velocity tends to stabilize the structure.
This figure shows that for the low range of velocities 7 14.5 / m s , the strain to failure is relatively low. This stems from the fact that the local strain rates are not sufficiently high to cause a significant notch-tip hardening. Further elevation in the velocity promotes the competition between the notch and the potential neck, conferring a higher energy absorbing capability to the specimen (toughness).
Notch machining considerations
An important issue, which is generally overlooked, concerns the machining of the notch. The latter has a definite local hardening effect, which can be somewhat mitigated by annealing treatments. The experimental results presented for the notched specimens, as well as those presented in [13] , were for specimens that were not annealed after machining. An obvious consequence of the machining process is an increase in the yield strength due to strain hardening. Cold work also causes a general increase in the material's flow stress, as presented next. To further illustrate the point, smooth specimens were machined with and without water cooling to assess, first, the overall influence of the manufacturing process on the quasi-static tensile properties (Figure 14) . From Figure 14 , one can notice a marked influence of the manufacturing process on smooth specimens, so that the local strain hardening caused in the notch is definitely a realistic issue.
Consequently, one may now simulate dynamic tensile tests of notched specimens, for which a slight variation of the mechanical properties in the notch vicinity is introduced.
The effect of small variations in the strain rate sensitivity were studied with the material parameters of case 1 (a=6.7 , For that purpose an area with a radius of 130 m around the notch root was selected to have slightly different material properties than the rest of the specimen, as illustrated in Figure 15 . Figure 15 . Part of the meshed specimen, with an area around the notch-tip that is influenced by the notch machining process.
The strain-rate hardening parameter at the lower strain rate regime, denoted by m, was taken to be notch m in the notch, surrounded by nom m at a distance greater than 130 m . The value of notch m was systematically increased from nom m until a value was found for which the geometrical necking site became dominant in the failure process, meaning that the 1 U values at the potential failure location meet, just as shown in Figure 11 c.
In the studied case (case 1), defined by (a=6.7 , for different values of strain rate hardening in the notch vicinity. Note that for m=0.02, there is no meeting point as the neck dominates throughout the process.
According to Figure 17 the machining process plays a significant role in the competition between the potential failure sites. When the notch area is more hardened, the sample elongates more before reaching to its final failure state, indicating that the notch is less dominant in the competition between the potential sites. In addition, a change of less than 4.65% in the nominal flow stress 0.02 notch m , is sufficient to cause a shift in the failure locus. Therefore one can suggest that minor perturbations in the material flow stress can cause a significant change in the overall structural response of the stretched sample.
Discussion
This research was primarily motivated by the experimental observation of more than 130 specimens, for all of which, even in the presence of a significant structural imperfection, the dynamic failure locus (neck) was identical to that of a smooth (flawless) specimen. It was also observed in most cases that the dynamic failure locus was determined by the applied boundary conditions and not by the geometrical imperfection. We carried out a systematic investigation of the main factors who might dictate this behavior, namely inertial effects, boundary conditions and the material response to high strain rate. In doing so, we tried to separate the structural effects from the material ones, keeping in mind that boundary conditions and material response are inherently coupled through the material's rate sensitivity and strain-rate hardening.
A first outcome of this research is that the velocity amplitude of the applied boundary condition is a determinant factor indicating the failure locus, a fact that is already known to some extent since Von Karman and Duwez's seminal contribution [26] . However, while this work addressed infinitely long rods, our work investigated finite length specimens. In the range of the low applied velocities, the failure locus is apparently determined by the imperfection without any significant competition from another potential failure site.
Increasing of the velocity reveals a competition between the existing imperfection and a potentially developing neck on the impacted side of the specimen. As the velocity is further increased, the imperfection (notch) becomes insignificant and is simply "ignored" as a potential failure locus.
To characterize this competition between potential failure loci, we used numerical simulations, and chose to monitor the radial growth rate (evolution) of the two competing failure sites. This appears to be the most natural choice of a quantitative measure describing the imperfection growth in our case.
A second outcome of this investigation is that the high-rate mechanical response of the tested material has an effect that is similar to that of the increased velocity. For that, it is sufficient to note that the vicinity of the notch-tip experiences very large strain rates. This has a significant effect on the local flow stress for a material that is strain-rate sensitive. From there on, if the local stress elevation is sufficiently high, other cross-sections of the specimen will be increasingly loaded. In fact, this effect just counteracts the stress-concentration effect of a notch, of which one would intuitively expect it is always predominant in a structure.
This point was systematically investigated through a series of simulations in which the parameters representing the material strain-rate hardening were varied, for a smooth specimen. And it was indeed observed, as mentioned earlier, that the failure locus (neck) would develop outside the notch area. It was thus observed that the more rate-hardening the material, the more resistant the specimen to plastic localization, together with necking in a different location along the gauge, close to the impacted side.
This notion was further extended to the case where local strain hardening of the notch due to the machining process is considered. Generally, such effects are not systematically taken into account, but in the present case it was especially interesting to investigate the extent to which a small variation in the local mechanical properties of the material can affect the overall structural response, in view of the above. It was indeed observed that, changing the strain rate hardening sensitivity in a manner which yields a small variation in the flow stress (less than 5%) in the immediate vicinity of the notch is sufficient to trigger the observed failure pattern outside the notch.
It is felt that, while the present results are physically sound to an extent they explain the respective influence of the boundary conditions and the material properties on the failure locus transition, the phenomenon in itself is rather counter-intuitive. Engineering common sense would suggest that a notch, thus a stress concentration, would always dictate the failure locus of a tensile specimen. While this is true in the quasi-static regime, this is no longer the general case in the dynamic regime. Such an observation, its modeling and comprehension, all have applications in the engineering design realm. Likewise, the obtained results clearly show and explain that under the given circumstances, a stress concentration discontinuity may not be of major concern for the design of dynamically tensed structures. The present work provides both an approach and the tools to analyze and comprehend the phenomenon.
Conclusions
We have presented here a hybrid experimental-numerical study of the response of a flawed structure to a dynamic tensile load. The results, that are counter-intuitive with respect to the quasi-static perspective, show numerous instances where failure will not initiate from the flaw. This study shows that the locus of dynamic tensile failure of a flawed (notched) structure is dictated by several factors. The first, of course, is the applied velocity as a boundary condition, whose influence is so dominant that it overcomes the presence of the flaw. Next, the strain-rate sensitivity, and rate-hardening of the material, all play a role by locally toughening the notch area to an extent that the latter no longer acts as a "weak link". In fact, it was shown that at sufficiently high velocities, the very high local strain rates in the notch vicinity counteract the deformation and transfer the load to another part of the specimen which ultimately grows a neck there.
Finally, from a practical design perspective, the dynamic mechanical properties and boundary conditions should both be carefully taken into account when designing a tensile notched structural component, with a controlled failure locus.
